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Introduction to Functional Cell Assayé_

PETER S. RABINOVITCH# CARL H. JUNE}? AND
TERRANCE J. KAVANAGH¢

2Department of Pathology
University of Washington
Seatile, Washington 98195
bImmune Cell Biology Program
Naval Medical Research Institute
Bethesda, Maryland 20814

¢Departmerus of Medicine and Environmental Health
University of Washington
Seatle, Washington 98195

The flow cytometer can be used to measure a variety of functional parametcrs"lh
are of increasing interest to cell biologists. Some of these parameters are already!
interest in the clinical laboratory and some will become clinically relevant in the near

the measurement of various intracellular free ion concentrations, membrane charac.
teristics, indicators of cellular metabolism, and intracellular glutathione. A
previously available techniques to measure these cellular parameters determined the
mean value for a mixed population of cells. The flow cytometer has the unig
capacity to permit the measurement of physiologic parameters in large numbers 4
living single cells; it allows correlation with other parameters such as immunophs
type and cell cycle; and, finally, it reveals heterogeneity within the cell population.

As an introduction to several more detailed prescntations elsewhere in this
volume that describe the clinical application of probes of cellular physiology, this’
discussion will introduce several measurements of the greatest current interest.

INTRACELLULAR IONIZED CALCIUM

Ionized calcium has an important role as a mediator of transmcmbrane signal ;
transduction, and elevations in intracellular ionized calcium concentration ([Ca**})
regulate diverse ccllular processes. Mcasurement of (Ca?*], in living cells is thus of )
considerable interest to a broad range of investigators. :

Calcium influx is thought to be initiated either by membrane depolarization that
opens voltage-gated channels or by the binding of ligands to receptor-operated -
channels. The binding of agonist to its specific membrane receptor activates enzy- -
matic processes that result in the activation of phospholipase C. Phospholipase C.
causes the hydrolysis of a membrane phospholipid, phosphatidylinositol 4,5
bisphosphate (PIP2), which yields a water-soluble product, inositol 1,4,5-trisphos-; ™
phate (IP3), and a lipid, 1,2-diacylglycerol (DAG). IP3 then causes the release of £~
calcium from intracellular stores, whereas DAG in conjunction with calcium i00S £
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Jtivates protein kinase C. Thus, a single agonist can result in the production of at
jast two “‘second messengers”, making this pathway a unique, bifurcating system.
¢ealcium is therefore a *‘third messenger” that controls numerous cellular processes,
ctivating a broad variety of enzyme systems, both as a cofactor and in conjunction
ith the calcium-binding protein, calmodulin.

Indicators of Intracellular Ionized Calcium Concentration

Until 1982, it was not possible to measure [Ca**}; in small intact cells; measure-
ments were restricted mostly to large invertebrate cells where the use of microelec-
yodes was possible. [Ca?*); was first measured in diverse populations of cells with the
development of quin2.! The indicator was casily loaded into small intact cells using
the acetoxymethyl ester of the dye.* This uncharged form diffuses freely into the
eytoplasm where it is hydrolyzed by estcrases to yield the tetraanionic form of the
dye, which is trapped inside the cell. Unfortunately. quin2 has several disadvantages
that limit its application to flow cytometry. A relatively low extinction coefficient and
quantum yicld have made detection of the dye at low concentrations difficult; at
higher concentrations, quin2 itself buffers the [Ca**},. Subsequently, Grynkiewicz et
al* described a new family of highly fluorescent calcium chelators that overcome
most of the aforemcentioned Jimitations. One of these dycs, indo-1 (1-[2-amino-5-(6-
;arboxylindol-2-yl)-phenoxy]-2-[2'-amino-5’-methylphenoxy]ethane NN N'N'-
tetraacetic acid), has spectral properties that make it especially useful for analysis
with flow cytometry. In particular, indo-1 exhibits large changes in the fluorescent
emission wavelength upon calcium binding. Use of the ratio of the intensities of
Buorescence at two wavelengths (approximately 400 nm and 500 nm) allows calcula-
tion of [Ca**}; independent of variability in cellular size or intracellular dye concen-
tration. The ratiometric approach thus gives considerable accuracy to this analysis,
allowing, for example, the basal {Ca®*], to be seen to be constrained within narrow

e Y

limits (FIGURE 1). The only significant drawback 10 the usc of indo-1 is the "
requirement for ultraviolct (UV) excitation. A
A practical alternative to indo-1 became available upon the description of a LN

fluorescein-based, calcium-sensitive probe, fluo-3.5 This dye exhibits an increase in
fuorescence intensity with increasing {Ca®*),. The usc of fluo-3 permits, for the first
time, the simultancous use of other UV-excitable probes for flow cvtometry, such as
those used for cell cycle analysis or mcasurement of intracellular glutathione,
allowing corrclation of these paramcters with calcium responses. The primary
disadvantage of fluo-3 is that it does not have fluorescence properties that allow
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Fatiometric determinations. Thercfore, calibration on a flow cytometer is more oy
complicated because the signal is proportional to ccll size and dye concentration as ' ;‘j’i iR
well as to [Ca**};. In addition, the ability to measure responses in subscts of cells is “’:~
more limitcd because the broad distribution of fluorescence intensities of unstimu- .t%: i
lated cells oftcn results in an overlapping distribution of the values from stimulated B B
and unstimulated cclls (FIGURE 1). This problem can be minimized by the simulta- ;, 3 ;
neous use of a second dye that serves as an indicator of the magnitude of dve loading ' i
i

inan individual ccll.$
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FIGURE 1. Comparison of indo-1 and Auo-3 measurement of [Ca* |, and methods of display of
kinetic data. Human peripheral blood hmphocytes (PBL) were loaded simultancously with 3
ug'mL indo-1 and 3 ug 'mbL fluo-2. stained with PE-CD4 mAb. and then stimulated with
anti-CD2 antibody (10 ug. mL G19-3. Jeif Ledbetter, Oncogen, Seattle, Washington) at
approximately 1 minute after the start of analysis (note the gap in data acquisition). Violet and
green indo-1 emission (UV excited) and green fluo-3 and orange PE emission (488-nm excited)
were collected simultancously for each cell. Results were gated from PE-CD4- cells. In panels
A and B, the results are displayed as a “dot plot” where the x-axis is time and the v-axis is the
indo-1 ratio or the fluo-3 fluorescence intensity. The mean indo-1 ratio versus time is shown in
panel C and the fluo-3 intensity versus ime is shown in panel D. The data were converted 1o
calcium concentration versus time by calibration using measured constants for indu-1 (panel E}
and by calibration with butfer solutions for Ruo-3 (panel F). Whereas the shapes of the cunes
for the meun indo-1 ratio (C) and the uo-3 intensity (D) are ditferent (due to the different
values of Ky for indo-1 and Nluo-3). the tvo measurements are essentially identical once
comerted 10 [Ca’ ], The percentages of cells responding with [Ca™* |}, elevated beyond two
standard deviations above the mean of the cells before antibody stimulation (“percent cells
above threshold™) are plotted for indo-1 (panel G) and Auo-3 (pancl H). The percentages of
responding cells calculated by cumulative cune subtraction are plotted in panels I and J for
indo-1 and fluo-3. respectinely. Duta analysis was performed with software written by one of the
authors (P. S. Rabinoviteh) (" MultiTime ™. Phoenix Flow Systems, San Diego, Cabifornia).
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Applications of the Flow Cytometric Analysis of [Ca®* ],

A common cxtension of analysis of [Ca®*], is the simultaneous use of additional

- guorochromes for the determination of celiular immunophenotype. This allows

slterations in [Ca** ], to be examined in specific immunophenotypic subsets (FIGURE
2). Fluorescein isocyanate (FITC)- and phycoerythrin (PE)—conjugated antibodies
can be used with indo-1, and PE and allophycocyanin (APC) (or other red-excited
dves) can be used with fluo-3. Numerous examples of the analysis of [Ca®~), in
i;;\munophenot_\pically defined subscts have been described (reviewed in reference

7).

FIGURE 2. Analysis of [Ca®*}, in human PBL stained with indo-1 and a cocktail of PE-labeled
antibodies that stain all cells but CD4* (A.C) or CDS* (B.D). Analyses were gated 10 exclude
all PE-labeled cells. a reciprocal staining strategy that avoids antibody binding to CD4 and CDS
receptors.’ Cells were stimulated with 30 ug. 'mL PHA (A.B)or 10 ug'mL CD3 (G19-4) (C.D).
The indo-1 ratio is displayed versus time as an isometric plot where the z-axis is the cell number.
Note that {Ca’~ ), responses in CD4* cells are of higher magnitude than those of CDS - cells.

The flow ovtometric assay of cellulur calcium concentration has alrcady been
applied 1o u wide varicty of cclls. providing interesting and sometimes unexpected
results. Examples of the initial applications of the technique are presented in recent
reviews.™* One of the first observations that was made readily quantifiable by the flow
Otometric analvsis was that there is great heterogencity in the response of lympho-
©vtes to mitogenic agonists. Using simultancous immunofuorescence, some of this
hclerogcncity can be shown to be related to immunophenotypic subscts: for instance,
CD4+ cells show more vigorous responses to lectins and CD3 than do CDS* cells
(flGURE 2).%1 Considerable use of this approach has been made in the demonstra-
tion of diffcrences between [Ca’*), activation requirements of different cell subscts
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256 ANNALS NEW YORK ACADEMY OF SCIENCES
and subset specificities of activation pathways. The effects of antibody binding 10 ce))
surface moleculcs, somcetimes a complication in labceling cxperiments (sce legend 1o
FIGURE 2), have been extensively employved to analyze signaling mechanisms, ang
augmented or even new relationships have been probed by cross-linking antibodies
on the cell surface.’'* Flow cytometric measurements with indo-1 have beeq
performed to date with all nucleated blood cell tvpes. Applications of fluo-3 have
been reported with most types, with reports appearing at a rapidly increasing pace,

The combination of scnsitivity. reliability, and ability to analyze large numbers of
cells within cell subsets has made the flow cvtometric assay of [(Ca®* |, the preferred
techniquc for a broad spectrum of rescarch applications. As a consequence of the
success of this rescarch. there are now many exciting potential clinical applications of
the flow cytometric assay of cellular calcium concentration. The contribution by June
et al. in this volume describes some of these developing clinical applications.

INTRACELLULAR ph

The pH, of mammalian cells is ~ 7.2 and it appears to be closely regulated. In

. mammalian cells, pH, is controlicd by at least three mechanisms, including Naj /H!

exchange, sodium-dependent €I /HCO,,. and HCO;, /Ci” exchange. Acid extru-

sion is primarily accomplished by the Na*/H* antiport and by sodium-dependent

Cl; /HCO,,. whereas HCO,,, /Cl7 exchange has the major role for base extrusion.

All of these mechanisms appear to be stimulated by a varicty of growth factors and by
phorbol esters. presumably through the activation of protein kinasc C.

Indicators of Intracellular pH

Until recently. the most commonly used probes were maditications of fluores-
cein, with fluorescein diacetate being the first-generation pH probe, followed by
carbovy fluorescein diacctate (COFDA). Both of these dyves are limited by relatively
poor retention inside loaded cclls. An improsed fluorescein probe s 2°.7'-bis-
carboxycthyl-5(6)-curbory fluorescein (BCECF). As with indo-1 and fluo-3, BCECF
is loaded into cells using the acctonymeths? ester: after hvdrolasis, it has a negative
charge of —4 or =5 and therefore leaks more stowly than COFDA. The pK, of
BCECF. 6.98. is ncar the pH, of resting cells and there is a pH-dependent shift in the
cxcitation wavelength, making it possible to use the ratio of Nuoreseence signals 1o
correct for differences in loading and cell size. In addition, BCECF Nuorescence
cxcited at 450 nm is pH-independent, whercas Nuorescence at 300 nm is pH-
dependent, allowing ratiometric Tuorescence emission analssis (TABLE 1). In both
cascs, the magnitude of pH-dependent ratio shifts is relatively modest!! and these
dycs are largely supplanted by newer probes, The most uselul of several UV-excited
pH probes that have been developed is 1.4-diacetoxy-2.3-dicyanubenzene (ADB)-
The ccll-permecant ADB is hydrolyzed and trapped intracellularly to yicld 2.3
dicyanohydroquinonc (DCH)." Ratiometric determinations of pH are possible using
a single cxcitation source by measuring the fluorescence emission at 429 nm and 477
nm (TABLE 1). As with the measurement of [Ca?* |, many laboratorics will find the
requircment for UV excitation to be the primary limitation for the use of this probe.




ABINOVITCH ef al.: ASSAYS 257

Recently. a useful probe for pH, mcasurement named SNARF-1 (SemiNaphtho-
(thodaFluor) has been introduced.' SNARF-1 has convenicnt excitation spectra
488 or 514 nm) and exhibits large changes in pH-dependent fluorescence. The
mission of SNARF-1 in acid is maximal at 587 nm and the basic form emits

imally at 636 nm; there is an isosbestic point at 610 nm. The ratio of orange and
ped emission is used as the pH, indicator. This provides the advantages of the
patiometric determination. as described previously.

Applications of Analysis of pH

As previously mentioned, the fluorescence emission properties of SNARF-]
allow simultancous excitation of FITC probes using the same 438-nm luser. Analysis
fpH, in immunophenotypically defined cell subscts using FITC-conjugated mAb is
ws very straightforward. Similarly, single-luser [Ca®*], measurements with fluo-3
are easily performed simultancously with mcasurements of pH,. When a second UV
iser is available, the [Ca®* ), measurement with indo-1 is optimal.'*

7asLe 1. Fluorochromes for Ratiometric Determination of pH Using Flow
ytometry

Fluorescence (nm)

Probe pK, Excitation Emission
bis-carboxyethyl-carboxyfluorescein acetovy- 6.98 ratio 439 390 535
methyl ester (BCECF AM) 488 ratio 520 620
diacetoxy-dicyanobenzene (ADB): vields 8.0 ~ 350 ratio 425,530

dicyanohydroquinone (DCH) after de-
esterification

carboxy-SNARF-1-acctoxymethyl acetate 7.50 488,514 ratio 875 670

Because of the lurge shifts in pH, that take place upon activation of granulocy tes,
studies of intracellular pH in the analysis of granulocyte function are probably the
most interesting in the clinical Taboratory today. These are discussed by G, Valet in
[this volume,

INTRACELLULAR GLUTATHIONE

Glutathione (glutumylevsteinylghcine, GSH) is an important antiovidant tripep-

de thiol that is involved in the scavenging of toxic oxvgen products, '™ In addition,
GSH is involved in a number of other important reuctions in the cell, including
enjugation of xcnobiotics, amino acid transport, and deovyribonucleotide synthe-
s GSH is also important for the maintenance of celiular thiol redox status, and its
*dox state has been proposed 1o be a major determinant of the functioning of a
Imber of enzymes and in the integrity of eytoskeletal proteins. These roles for GSH
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have important conscquences upon cell physiology and mitogenic activation, In
general, augmenting cellular GSH with cysteine delivery agents, such as N-acetqus.
teine or oxathiazolidine carboxylic acid. or with glutathione esters has a positive
cffect on cell growth, whereas depletion of GSH inhibits many cellular functiong 17
GSH is known 1o influcnce cell growth and replication at various levels, includip
G,/S-phase transition' and very early events in mitogen-induced cell activation »
GSH has also been shown to affect the responsiveness of cells to various cytokines,
for example. the action of IL-2 in lymphocytes.s!-=:

The activity of redox-responsive oncogene products and DNA-binding factors
responsible for gene regulation may also be affected by the GSH status of the cely,
For instance, the interactions of c-fos and c-jun products are known to be redox.
sensitive.>! Another example is that of NFKB. Roederer and colleagucs™ have shown
that this nuclcar binding factor can be inhibited from binding to regulatory DNA.-
binding domains by N-acctylevsteine. a drug that increases the GSH level of cells.

Indicators of Intraccllular GSH

Several years ago, Durand and Olive™® published a review of fluorescent indica-
tors for thiols. including GSH. that might prove useful for low cytometric purposes.
The problem with all of the dyes reviewed was one of specificity for GSH. A major
advance in the measurement of GSH by flow cytometn was made by Rice et ol 6
who used monochlorobimane (MCB) 1o detect changes in the GSH status of
individual normal and tumor cells. This dyc owes its speciticity for GSH (see FIGURE
3) to the fact that it is conjugated to GSH by glutathione-S-transferascs and has
50'1
457
407
35
30
25+

Fluorescence Intensi

>

-
0 10 20 30

GSH (nmol/mg Protein) by HPLC

FIGURE 3. Corrclation between GSH content measured by HPLC and MCB low ey tometry.
Chinese hamster V79 cellswere treated with 01,3069, 0r 12 mM BSO for 12 hours, Cells were
then processed for flow ovtometry (45 M MCB for 10 minutes at 37 °C) or for HPLC
determination of the totul reduced GSH content (from reference 44, with permission from the
publisher).
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PERCENTILE OF MCB FLUORESCENCE
FIGURE 4. Proliferation of human CD4* lymphocytes sorted on MCB fluorescence intensity.,
Human lymphocytes isolated from peripheral blood by density gradient centrifugation were
stained with MCB (60 uM for 13 minutes at 37 °C) and PE anti-CD4 mAh, CD4- cells were
then sorted according 1o their MCB fluorescence for the lowest 0%, the 10th to 20th
percentile. the 40th ta 60th percentile. and the highest 207¢ of the fluorescence histogram, Celis
were then plated into Yo-well plates precoated with anti-CD3 mAb in BrdU-containing
medium. After three days, cells were harvested and assessed for proliferation by the BrdU,
Hoechst method.* There is a direct correlution between the MCB fluorescence intensity of the
unstimulated cells und their subsequent ability to proliferate.

0-10 10-20 40-60

relatively low nonenzymatic reactivity towards GSH and other thiols.®” As examples
of the application of the measurement of GSH in viable cells using MCB. FIGURES 4
and 5 show that the proliferation and [Ca®*], responses of sorted CD4- T cells are
proportional to their basal GSH content.

Another reagent, chloromethyiluorescein diacctate (CMFDA). has recently
been described for measuring intracelfulur GSH.™ Intracellular CMF is presumably
metabolized in a manncr similar to MCB, viclding & GSH-MF fluorescent conjugate.
The advantage provided by this dye is that the excitation and emission characteristics
are similar to fluorescein once conjugated to GSH. allowing the use of 488-nm
excitation. The principal disadvantage with this dyve is that it s apparently less
specific for GSH than MCB.>

Applications of Analysis of GSH

In the clinica! kiboratory, GSH has recently received attention because of it role
in a number of pathological discase stutes including tumor cell resistiance 1o
chemothcrapeutic agents (see the contribution by D. W, Hedley in this solume) and
idiopathic pulmonary fibrosis.™ In addition. considerable recent attention has been
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FIGURE 5. Etfect of intracellular GSH content on anti-CDI mAb-stimulated transmembrane
signal trynsduction in CD4~ human T hmphocytes. Human PBL were stained with 60 WM MCB
and PE-anti-CD4 mAb. CD4* cells were sorted as the upper and lower 3% of the MCB
fluorescence distribution. allowed to recover for 24 hours. and then either logded with indo-1
AM ar restained with MCB. Cells restuined with MCB setained their onginalh sorted MCB
fluorescence differences (not shown). Cells toaded with inde-1 were anahzed for {Ca’~),
content folloming stimulation with anti-CD3 mADb (as deseribed in Fiou vt 1), Panels Aand €
show the Kinetics of {Ca” |, transients in celly sorted on high and low GSH coment. respectively.
There is a diminished response in cells with low GSH content. Pancls B und D show the mean
[Ca® " ), ealeulated from the data presented in panels A and C. respectively. There is a higher
mean and peak culcium response in the high GSH-sorted cells than in the low GSH-soned
cells.

dirccted towards the analysis of GSH in acquired immune deficiency syn-
drome. =¥ This subject is addressed in detail by Roederer er el in thisvolume.

ANALYSIS OF MEMBRANE POTENTIAL

Resting cells muintain large gradionts between the intracefiuler and extracellular
concentrations of avaricty of ions, including Ca®* K- N and Ct L Potissium ions.
for example, are concentrited within cells by the action of the Na-K-ATPase. The
relative permeability of the membrane to K jons is greater than that of other jons:
the leakage of K= ions establishes an eleetron countergradient and the ovtoplasm
becomes cleetronegative with respect to the external medium. This K- clectrochem:
ical gradicnt is the most significant contribution to the ncgatise membrane potential
of most mammalian cclis. Maintenance of a large negative transmembrane potential
has been postulated 1o be a control mechaninm to arrest cells in an inactive stage and
changes in cclf membrane potential that occur in various cell types rapidly aftef




pinding of ligands to transmembrane receptors have been suggested to be mediators
of subscquent physiologic cellular responses. Detailed imvestigation ot the mem-
prane potential in small cells has been made feasible by the development of potential
scnsitive indicator probes. These probes are charged lipophilic molecules: they ;
partition between the cell and the surrounding medium according to the Nernst
equation: C.C, = e AT where € and €, are the ovtosolic and extraceliular
indicator concentrations: n is the charge of the indicator: € v the membrane
potential: and F.R.and T arc the Faraduy and gas constants and temperature. For a
cationic indicator, the eclular concentration falls as the membrane potential de-
clines towards zero and it rises if the cell hyperpolurizes (ie.. the eyvtosol becomes

RABINOVITCH & al.: ASSAYS

more electronegative with respect to the mediumy.

A family of cationic cyanine dyes were described by HofTmann and Laris™ 1o be
useful indicators for cells in solution. in the manner described earticr. These
fluorescent dyes have a single negative charge delocalized over an extensine pi-
electron system in a highly ssmmetric molecule. Sims ¢f al. ™ introduced the short-
hand nomenchiture DiIYCo(Zm+ 1) for these dyes where the " Y member of the ring
structurce may be oxvgen (O). sulfur (S). or isopropyl (1). The length of the alkyvl side
chains, “n”, affects the lipid solubility and “m”, the number of methene groups.
affects the fluorescence spectral characteristics. The use of the highly fluorescent
dves shown in TABLE 2 with flow cytometry allows adequate fluorescence signal
detection of single cclls with dye concentrations below 107 M. Under these
conditions. hyperpoluarization is accompanicd by increased celluliur fluorescence and
depolarization is accompanicd by decrcased fluorescence. These low dae concentra-

Cyanine Dves

tions also heip to minimize the toxicity of the cvanine dyves.

The oxonol dyes are chemically unrelated to the cyanine dyes, but are similarly
ssmmetric, membrane-permeant molecules with o highly defocalized charge. This
tharge is negative. in contrast to the eyanine dyes, so that the changes in partitioning

TBLE 2. Dyces for Flow Cyvtometric Analysis of Membrane Potential

Oxonol Dyes
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Excitution {(nm) Emission (nm)

Cyanine Dyes

DiOCs(3) 488 S10-330

DiOCu(3) 488 S20-540

DiSCy«(S) S68. 633 SH), > 680

DilC«(3) N85 14 S30-880
Oxonol Dyes

DiBuCy(3) 48N S10-340

DIBaCi(5) S6R-5938 610-640

DISBLC() 568 590630
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in response 1o altered membranc potential are in the opposite dircction to eyanine
dyes: depolarization of the membranc transfers the anion from the external mediup,
onto binding sites within the cell and hyperpolarization results in dye exclusion ang
decreased cellular flunrescence. For flow cytometry. the propertics of the oxong)
dyes are especially attractive: analysis of cells takes place almost completely apan
from the dve in the external medium (incrcasing the signal-to-noise ratio). Ip
addition. the lower proportion of bound dy¢ incrcases the butfering of the externa)
dye concentration and the negative charge of the dye forces exclusion from the highly
negatively charged mitochondria, minimizing a complication encountered with cya'.
nine dyes.

Application of the Study of Membrane Potential by Flow Cytometry

An increasing fraction of studies of membrane potential arc being performed by
flow cvtometry. taking advantage of the sensitivity of this methodology, the ability to
recognize heterogencity in cellular responses, and the opportunities for multiparam-
cter analysis. These applications have been recently reviewed. ™™

Flow cytometric analysis of membrane potential has been useful in studying
ncutrophil activation and can demonstrate subpopulations of cells with different
polarization following stimulation.'™ ™ Alterations in membranc potential can also be
correlated with other tests of neutrophil function. such as chemotanis, and may have
potential clinical uscfulness.™* NMembrane potential measurements may also have
utility in monitoring drug cffects on normal and tumor cells A=
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